Since the Monocots II meeting in 1998, significant new data have been published that enhance our systematic knowledge of Cyperaceae. Phylogenetic studies in the family have also progressed steadily. For this study, a parsimony analysis was carried out using all rbcL sequences currently available for Cyperaceae, including data for two new genera. One of the four subfamilies (Caricoideae) and seven of the 14 tribes (Bisboeckelereae, Cariceae, Cryptangieae, Dulichieae, Eleocharideae, Sclerieae, Trilepideae) are monophyletic. Subfamily Mapanioideae and tribe Chrysitricheae are monophyletic if, as the evidence suggests, Hellmuthia is considered a member of Cypereae. Some other features of our analysis include: well-supported Trilepideae and Sclerieae-Bisboeckelereae clades; a possible close relationship between Cryptangieae and Schoeneae; polyphyletic tribes Schoeneae and Scirpeae; the occurrence of Cariceae within the Dulichieae-Scirpeae clade, and a strongly supported clade, representing Cyperus and allied genera in Cypereae, sister to a poorly supported Ficinia-Hellmuthia-Isolepis-Scirpoides clade. Such patterns are consistent with other studies based on DNA sequence data. One outcome may be that only two subfamilies, Mapanioideae and Cyperoideae, are recognized. Much further work is needed, with efforts carefully coordinated among researchers. The work should focus on obtaining morphological and molecular data for all genera in the family.
INTRODUCTION
Cyperaceae comprise ca. 5000 species in ca. 102 genera, 14 tribes, and four subfamilies (Goetghebeur 1998) . Since the Monocots II meeting in 1998, significant new data have been published that further enhance systematic knowledge of the family. New species have been described in various genera including Carex L. (Reznicek and González-Elizondo 1999; Naczi et al. 2001 Naczi et al. , 2002 , Hypolytrum Rich. ex Pers. (Alves and Thomas 2002; Alves et al. 2002) , Isolepis R. Br. (Muasya and Simpson 2002) , Oreobolopsis T. Koyama & Guagl. (Dhooge and Goetghebeur 2002) , and Schoenoplectus (Rchb.) Palla (Hayasaka 2003) . New genera, such as Capeobolus J. Browning, Cypringlea M. T. Strong, Khaosokia D. A. Simpson, Chayam. & J. Parn., and Zameioscirpus Dhooge & Goetgh. , have recently been discovered (Browning and Gordon-Gray 1999; Strong 2003; Dhooge et al. 2003; Simpson et al. 2005) . Important floristic treatments have been published, including those for the Flora of North America (Flora of North America Editorial Committee 2002), Flora of Pakistan (Kukkonen 2001) , Flora of Thailand (Simpson and Koyama 1998) , and Flora of the Venezuelan Guayana (Kearns et al. 1998) . Information has been gathered on the economic and ethnobotanical importance of Cyperaceae showing that ca. 10% of the family are used, particularly at local or regional levels in the tropics (Simpson and Inglis 2001) . The first evolutionary dating evidence has also been presented indicating that the cyperoid clade had a west Gondwanan origin ca. 100-120 millions of years ago (mya), and that the split of Juncaceae and Cyperaceae occurred ca. 65-80 mya (Bremer 2002) .
Phylogenetic studies in the family have progressed steadily since 1998. At the family level, suprageneric relationships have been evaluated using plastid rbcL (Muasya et al. 1998 ) and combined DNA and morphological studies (Muasya et al. 2000a; Nieuwborg et al. 2001) . Studies within subfamilies have focused on Caricoideae (Starr et al. 1999 (Starr et al. , 2003 (Starr et al. , 2004 Yen and Olmstead 2000; Roalson et al. 2001) , Cyperoideae (Muasya et al. 2000b (Muasya et al. , 2002 Zhang et al. 2004a, b) and Mapanioideae ). These studies have had minimal overlap of the taxa.
For this study we concentrated on a molecular analysis that encompassed the broadest possible spectrum of genera in Cyperaceae, including data for two new genera (Khaosokia and Zameioscirpus).
MATERIALS AND METHODS
Analyses included a total of 167 species of Cyperaceae, representing 66 genera from the 14 tribes, and four subgenera recognized by Goetghebeur (1998) . Sequences of rbcL from published studies (Muasya et al. 2000a (Muasya et al. , b, 2001 (Muasya et al. , 2002 Bremer 2002; Dhooge et al. 2003) were analyzed together with 12 newly sequenced taxa (Table 1) . Total DNA was extracted from leaf and/or culm samples removed from herbarium specimens or material collected in the field (fresh and silica dried). DNA extraction, amplification, and sequencing were performed according to published procedures (e.g., Muasya et al. 2002) . Data were easily aligned manually because no insertions/deletions occurred.
Heuristic analyses were carried out using PAUP* vers. 4.0 software (Swofford 2002 ) on a Macintosh G4. Searches were conducted using Fitch (1971) parsimony using equally weighted characters, TBR (tree-bisection-reconnection) branch-swapping, and random taxon additions (1000 replicates) with the MulTrees option in effect. Only ten trees were saved per replicate to avoid extreme swapping on suboptimal islands. Internal support for clades was estimated using 1000 bootstrap replicates (Felsenstein 1985) , with simple taxon addition, TBR branch-swapping, and the MulTrees option in effect, holding ten trees per step. The following categories were used to describe levels of bootstrap support: weak ϭ 50-74%, moderate ϭ 75-84%, and strong ϭ 85-100%.
RESULTS
A total of 1321 sites were included in the analysis of which 534 were variable and 318 were parsimony informative. Analysis resulted in 1370 equally parsimonious trees of 1720 steps, with consistency index (CI) ϭ 0.42 and retention index (RI) ϭ 0.76. One of these trees was randomly chosen and is shown in Fig. 1 The topology of the clade comprising the rest of Cyperaceae was well resolved in the individual trees, although a number of clades lacked BP Ͼ50. Many subclades within major clades were not recovered in the strict consensus tree. Strongly supported clades included those corresponding to Trilepideae (BP 100), Sclerieae-Bisboeckelereae (BP 98), and Rhynchosporeae (BP 99). Two large clades were resolved from taxa mainly assigned to Cypereae. One of these was strongly supported (BP 98) and comprised members Cyperus L. and allied genera ( Fig. 3: Cypereae 2). The other was weakly supported (BP 62) and included Hellmuthia Steud. (Fig. 3 : Chrysitricheae 2), together with species of Isolepis, Ficinia Schrad., and allied genera in Cypereae ( Fig.  3 : Cypereae 3).
DISCUSSION
Various DNA studies, based on multiple gene regions (e.g., Muasya et al. 1998 Muasya et al. , 2000a Muasya et al. , 2002 , are beginning to reveal a consistent pattern of higher-level relationships in Cyperaceae. The features of this pattern shown by our analysis include: a strongly supported clade representing Mapanioideae; strongly supported Trilepideae and Sclerieae-Bisboeckelereae clades; a possible close relationship between Cryptangieae and Schoeneae; polyphyletic tribes Schoeneae and Scirpeae; the occurrence of Cariceae within a Dulichieae-Scirpeae clade, and a strongly supported clade representing Cyperus and allied genera in Cypereae sister to a poorly to moderately supported Ficinia-Hellmuthia-Isolepis-Scirpoides Ség. clade.
Mapanioideae form a strongly supported group in our analysis, with an outlying member, Hellmuthia, placed as sister (BP 62) to the Cypereae 3 clade. A similar pattern has been observed in other morphological and DNA studies (e.g., Bruhl 1995; Muasya et al. 1998 Muasya et al. , 2000a Simpson et al. 2003) in which Hellmuthia has been variously associated with Desmoschoenus Hook. f., Ficinia, Isolepis, and Scirpoides. Hellmuthia has been included in Chrysitricheae by Haines and Lye (1976) and Goetghebeur (1998) based on an interpretation of its floral morphology (the presence of two floral scales), which was regarded as homologous with that of other members of the tribe. However, in other characteristics the plant is morphologically similar to Ficinia, and is endemic to the sand dunes of the Western Cape of South Africa, an area that is the center of diversity for the Ficinia-Isolepis group. Given the weight of evidence now available, we consider that its position in Chrysitricheae cannot be maintained and propose its transfer to Cypereae. This would also make Mapanioideae and Chrysitricheae monophyletic. However, further work is needed to determine its precise relationships within Cypereae and to evaluate patterns of floral evolution.
Opinion has differed as to whether Mapanioideae comprises one or two tribes. Bruhl (1995) , based on non-molecular data, favored the former (Hypolytreae), as Chrysitricheae were usually nested in other mapanioids in his analyses. However, recent studies , with a more comprehensive sample that included both pollen and molecular data, supported the recognition of both Hypolytreae and Chrysitricheae. Hypolytreae have been shown to have pollen that is unlike that of other Cyperaceae (Simpson 2003) . Most Cyperaceae are wind pollinated, with thinwalled, pear-shaped (possibly aerodynamically shaped) pollen termed ''pseudomonads,'' which has a unique developmental pattern where three of the four nuclei produced by meiosis degenerate. In Hypolytreae, e.g., Mapania tenuiscapa C. B. Clarke, pollen is spheroidal with a thicker wall and appears to be monad. It is coated with lipid, suggesting this group is animal pollinated . The relationships between genera within Hypolytreae are not so clear-cut and further work is needed. The tribes in Sclerioideae are among the least studied of all Cyperaceae. Whereas most of the sclerioid tribes are well supported in our analysis, the relationships between them and with Schoeneae (Cyperoideae) are unresolved or received BP Ͻ50. Moreover, the single representative of Cryptangieae, Lagenocarpus albo-niger, in this analysis was unresolved within a grade comprising members of Schoeneae. This is the first time that a member of Cryptangieae has been sequenced and our data (cf. Bruhl 1995) indicate a closer relationship to Schoeneae than to the sclerioid tribes, although none of the clades in this part of the tree received BP Ͼ50. Cryptangieae have been included in Sclerioideae (Goetghebeur 1998) because of the presence of unisexual flowers; in Schoeneae all the flowers are bisexual. Historically, suprageneric groups in Cyperaceae have been recognized by the presence of either unisexual or bisexual flowers.
However, such relationships are now open to question, as demonstrated by the close proximity Cariceae (unisexual flowers) to members of Scirpeae (bisexual flowers) in DNA sequencing studies (e.g., Muasya et al. 1998 Muasya et al. , 2000a Simpson et al. 2003) . Work is currently in progress on relationships within tribes Sclerieae and Bisboeckelereae (De Wilde, Simpson, Parnell, and Hodkinson pers. comm.) , and within Schoeneae (Bruhl, Wilson, and Verboom pers. comm.) , but there is a need for broader studies to resolve relationships between the sclerioid tribes and tribe Schoeneae.
Schoeneae (sensu Goetghebeur 1998) are the most diverse in terms of genera (29) in Cyperaceae, and are widely distributed, but with particular diversity in Australasia, southern Africa, and South America. Our analysis indicates they may not be monophyletic, with divisions into four major clades, one comprising Cladium, another Carpha Banks & Sol. ex R. Br., the third of Rhynchospora Vahl-Pleurostachys, and the fourth comprising the remaining genera in Schoeneae. The resolution of Cladium into a separate clade from other Schoeneae was also noted by Goetghebeur (1986) , Bruhl (1995) , and Muasya et al. (1998) . Work by Zhang et al. (2004a, b) also indicates that Carpha forms a clade sister to other Schoeneae. Moreover, initial phylogenetic studies indicate that some widespread genera such as Tetraria P. Beauv. (not included in our analysis) are not monophyletic (Verboom unpubl. data). Overall, the circumscription of Schoeneae is still far from being clear.
As in previous studies Scirpeae are polyphyletic with members dispersed throughout the tree. This result reflects the difficulties presented by the tribe at a morphological level with a lack of non-ambiguous synapomorphies to group genera. Bruhl (1995) observed Scirpeae to be paraphyletic in his morphological analyses. Cariceae are embedded within a clade comprising Dulichieae and some members of Scirpeae. Cariceae have been shown in other DNA studies to be closely related to Scirpeae and Dulichieae (e.g., Muasya et al. 1998 Muasya et al. , 2000b . Muasya et al. (1998) were cautious about ALISO Simpson et al. accepting this relationship given that other authors had suggested links between Cariceae and Sclerieae (Goetghebeur 1986; Bruhl 1995) . Cariceae have the presence of the utricle, a unique character, and unisexual flowers. However, they have been observed to share fungal parasites with some Scirpeae (Kukkonen and Timonen 1979) . Molecular evidence from different DNA data sources (rbcL: Muasya et al. 1998 Muasya et al. , 2000a ITS and trnT-L-F: Roalson et al. 2001; trnL-F and rps16: Simpson et al. 2003) indicates that a Cariceae-Dulichieae-Scirpeae relationship is probable, although there is still no fine-scale clarity and it does seem that too many tribes are currently recommended (cf. Bruhl 1995) .
Trichophorum Pers. occurs in two different clades in our analysis. This ties in with morphological evidence that Trichophorum may not be monophyletic, as most of the northern temperate taxa (e.g., T. caespitosum (L.) Hartm.) have well-developed perianth bristles whereas the Andean taxa (e.g., T. rigidum (Boeck.) Goetgh., Muasya & D. A. Simpson) lack such a perianth. Phylogenetic studies in the group are currently in progress (Dhooge and Goetghebeur pers. comm.) .
Two of the new genera that have recently come to light are resolved into the Cariceae-Dulichieae-Scirpeae clade. Zameioscirpus Dhooge & Goetgh. includes diminutive scirpoid taxa from the Andes previously placed in Scirpus L. and Carex (Dhooge et al. 2003) . Khaosokia, a new genus from Southeast Asia (Simpson et al., 2005) , is endemic to limestone cliffs in peninsular Thailand. It has male and female inflorescences, narrowly cylindric spikelets, and both sexes have well-developed perianth bristles. Superficially, Khaosokia resembles Dulichium Pers., but it lacks the specialization of the inflorescence seen in Dulichium (e.g., rachilla internodes breaking into one-flowered sections). It also has a resemblance to Carex indica L., but the female partial inflorescences do not have utricles. Khaosokia is uncertainly placed in the Cariceae-Dulichieae-Scirpeae clade (BP Ͻ 50), but its precise relationships have yet to be determined. Cypringlea was recently described for taxa endemic to Mexico, with rudimentary perianth bristles and a Carex-type embryo that were previously assigned to Scirpus sensu L. (Strong 2003) . Although the genus needs to be sampled for DNA, it is also likely to be positioned within this clade. One eventual outcome may be to recognize the whole clade as a single tribe, but, as yet, support for the clade is weak (BP Ͻ50).
Abildgaardieae formed a polytomy in the consensus tree, although there was strong support for clades comprising Bulbostylis Kunth-Nemum Desv. (BP 98), and Fimbristylis Vahl (BP 92). Studies using the trnL-F region and a larger number of taxa (Ghamkhar, Bruhl, and Wilson unpubl. data) also demonstrate separate clades for Bulbostylis and Fimbristylis. The position of Arthrostylis R. Br. is unresolved in our analysis, although it does occur in the same polytomy as Abildgaardieae. Goetghebeur (1998) placed the four genera of Arthrostylideae (Actinoschoenus Benth., Arthrostylis, Trachystylis S. T. Blake, and Trichoschoenus J. Raynal) in Schoeneae, although, unlike many members of Schoeneae, they lack a perianth. Bruhl (1995) indicated support for a close relationship between Arthrostylideae and Abildgaardieae, based on phylogenetic analyses of morphological data. However, Ghamkhar, Bruhl, and Wilson (unpubl. data) also found Arthrostylis placed within in a well-resolved Abildgaardieae using trnL-F. Therefore, the recognition of tribe Arthrostylideae, as has been proposed by some authors (e.g., Goetghebeur 1986; Bruhl 1995) , or the placement of Arthrostylis and related genera in Schoeneae (Goetghebeur 1998 ) may be inappropriate.
Eleocharideae are strongly supported in our analysis (BP 89), but are unresolved. Together with the Fuirena, Bolboschoenus Palla, and Actinoscirpus (Ohwi) R. W. Haines & Lye-Schoenoplectus lacustris clades they form a polytomy in the strict consensus tree. This pattern has been observed in other recent studies utilizing combined rbcL and trnL-F data (e.g., ). Roalson and Friar (2000) , working with ITS, indicated that Eleocharis R. Br. was not closely related to the large North American members of Schoenoplectus. Therefore, the relationships of Eleocharis to Bolboschoenus, Schoenoplectus, and Fuirena are not yet resolved and need further investigation. Young et al. (2002) also observed that Schoenoplectus was represented by two monophyletic clades based on combined ITS and trnL-F data, one of which was sister to Actinoscirpus grossus (L. f.) Goetgh. & D. A. Simpson. This pattern is also indicated by our analysis, in which the perennial, temperate species, S. lacustris, is sister to Actinoscirpus whereas annual, tropical taxa (S. articulatus and S. junceus) form a separate clade. Recently, Lye (2003) described a new genus, Schoenoplectiella Lye, based mainly on the rbcL data presented in Muasya et al. (1998 Muasya et al. ( , 2000b , to segregate all the annual taxa previously part of Schoenoplectus.
The placement of Isolepis humillima in a clade away from other members of Isolepis was first indicated by whose analysis resolved it in a clade sister to Eleocharis marginulata Steud. Our study refines their observations by including more taxa, and strongly supports a relationship with Schoenoplectus. Muasya and Simpson (2002) noted that the morphology of this plant was atypical of Isolepis in having Cyperus-like characters, including presence of several inflorescence bracts and Kranz anatomy. More work is needed to determine its precise relationships.
Two further large clades in our analysis comprise a strongly supported clade representing Cyperus and allied genera in Cypereae ( Fig. 3 : Cypereae 2) that is sister to a poorly to moderately supported Ficinia-Hellmuthia-Isolepis-Scirpoides clade (Fig. 3 : Cypereae 3-Chrysitricheae 2). This pattern has been recovered in other analyses involving these taxa using combined rbcL and trnL-F ), or rbcL, trnL-F, and rps16 intron data (Muasya et al. 2002) . A consistent feature observed is the occurrence of two subclades in the Cypereae 2 clade that represent taxa with C 3 (Cyperus pulchellus-Kyllingiella microcephala) and C 4 (Alinula paradoxa-Queenslandiella hyalina) anatomy. In the Cypereae 3 clade, a subclade comprising Ficinia is present although unsupported. also recovered Ficinia as a moderately supported clade. As a result, Isolepis trollii (Kük.) Lye and I. nodosa (Rottb.) R. Br. were transferred to Ficinia, a move that was also supported by morphological evidence, including robust perennial habit, and the presence of a hypogynous disk in F. nodosa (Muasya et al. 2000c ). In addition, the presence of a fimbriate anther connective tip has been observed in these taxa (Muasya unpubl. data), a feature that is also characteristic of Ficina. The positions of Desmoschoenus and I. marginata-I. antarctica need further investigation. Molecular and morphological studies of Ficinia are currently in progress (Muasya pers. comm.) .
One outcome of our work is that subfamily delimitation may need to be reconsidered, with only two subfamilies recognized, namely Mapanioideae and Cyperoideae (cf. Bruhl 1995) . Mapanioideae have a distinct suite of morphological characters that, in combination with forming a monophyletic clade sister to the rest of Cyperaceae, sets them apart from the rest of the family. The other subfamilies are not monophyletic (Cyperoideae and Sclerioideae) or are embedded within a larger clade (Caricoideae). Tribal delimitation may also need to be reassessed. For example, with Cariceae and Dulichieae embedded in the clade with select taxa of Scirpeae, the recognition of three tribes may be unjustified. Moreover, Scirpeae themselves are problematic by forming several clades in the DNA phylogeny.
Despite significant advances in our understanding of Cyperaceae, it is evident that much further work is needed. Future efforts should be carefully coordinated among researchers and should center on obtaining data for all genera in the family, including better infrageneric sampling and DNA sequences from regions in addition to rbcL. However, an equally important goal should be the attempt to better integrate both morphological and molecular data in our analyses.
